Abstract: Point sources such as landfills, can release high concentrations of contaminants into the groundwater because of migration of leachate from its bottom, which is generated primarily as a result of precipitation falling on an active landfill surface, leaching out the potential organic and inorganic contaminants from landfilled waste and discharging the same to groundwater in underlying aquifer. Leachate from young landfills has high dissolved solids content as well as a high concentration of organic matter. Landfill leachate has the potential to contaminate the surrounding environment and impair groundwater use. Organic contaminants in landfill leachate originate from incoming wastes or are produced as a result of biochemical reactions taking place in landfills. To protect the groundwater from contamination by landfill leachate, it is quite essential to provide the bottom barrier of suitable thickness, and to minimize the amount of water that could enter the landfill to create leachate. The present study was undertaken to determine the rate of movement of potential contaminants from its bottom to the aquifer media, so as to evolve a rational method for the determination of thickness of bottom barrier on sound engineering practice, in place of adopting a prescriptive standard, which is very common in most of the Asian countries. The study was undertaken for non conservative contaminant Dissolved Organic Carbon (DOC). The governing equation of contaminant transport was solved using finite difference method, and finite mass boundary condition to ape the finite mass of contaminants in a landfill. The solution of the model was run in MatLab 7.0 for a range of Darcy velocities and retardation factors for a representative equivalent height of leachate. Design curves were drawn which can be used for determination of suitable barrier thickness on the basis of expected maximum concentration of DOC in landfill leachate and maximum permissible concentration of the same.
BACKGROUND
A sanitary landfill is defined as a system in which municipal solid wastes are disposed of, compacted, and covered with a layer of soil at the end of each day's operation [1] . However, poorly designed landfills can create contamination of groundwater, soil, and air. The most commonly reported danger to the human health from these landfills is from the use of groundwater that has been contaminated by leachate [2] [3] [4] . As water percolates through the landfill, contaminants are leached out from the solid waste. Leachate is produced when moisture enters the refuse in a landfill, extracts contaminants into the liquid phase, and produces moisture content sufficiently high to initiate liquid flow. Leachate may contain dissolved or suspended material associated with wastes disposed off in the landfill, as well as many byproducts of chemical and biochemical reactions. Leachate tends to migrate in surrounding soil and may ultimately result in contamination of underlying soil and groundwater. The rate and characteristics of leachate produced depends on many factors such as solid waste composition, particle size, degree of compaction, hydrology of site, age of landfill, moisture and temperature conditions, and available oxygen. During the course of stabilization of landfilled wastes, nonconservative constituents of leachate (primarily organic in nature) tend to decompose and stabilize with time, whereas conservative constituents will remain long after waste stabilization occurs. Conservative constituents include various heavy metals, chloride, and sulfide. The concentration of non conservative contaminants in the landfill leachate increases in the beginning, reaches a peak, declines thereafter [5] [6] .
The containment systems for modern sanitary landfills involve the use of barrier layers called liner to prevent leachate from leaving the landfill and contaminating the underlying soil and groundwater. Landfill design requirements include provisions of bottom liners of compacted clays and/or compacted clays coupled with geosynthetic materials in suitable thickness to contain or retard the migration of landfill leachate to the underlying aquifer. Clay happens to be the material of choice for waste containment because it provides sufficient impermeability. The current design of landfill bottom barrier is based upon the type of waste to be disposed, the geography of site, material standards, and regulatory requirements.
MODELING OF CONTAMINANT TRANSPORT PROCESSES
Exposures to toxic environmental contaminants are significant risk factors in human health and disease. To understand and manage these risk factors, environmental and pub-lic health managers must have knowledge of the source of the exposure, the fate of contaminants, exposure levels, and routes of the exposure for such contaminants. Environmental fate, transformation, and transport models are used to assist in understanding, relating, and quantifying such contamination from the sources. The process of groundwater flow is generally assumed to be governed by Darcy's law and the conservation of mass. The theoretical basis for the equation describing solute transport has been well documented in the literature [7] [8] [9] [10] . Reilly et al. [11] provide a conceptual framework for analyzing and modeling physical solute transport processes in groundwater.
Changes in chemical concentration occur within a dynamic groundwater system primarily due to four distinct processes viz. (i)advective transport, which involves moving of the contaminants with flowing groundwater (ii)diffusive transport, which involves the movement of contaminant due to concentration gradient (iii)dispersion, which involves mixing of the contaminants at relatively high flows due to local variations in the flow velocity of groundwater, or mixing and spreading of contaminants in the form of dissolved molecules and ions due to variations in flow velocity through porous media resulting from non-homogeneity of aquifer (iv)reaction, absorption, or decay of the contaminants. Thus, when dealing with contaminants in groundwater, the mass of contaminant transported by advection per unit area per unit time is expressed as f=nvc= v a c, where n is the effective porosity of soil, v is groundwater velocity (seepage velocity), v a is Darcy velocity, c is concentration of contaminant at the point and time of interest. Diffusion involves the movement of contaminant from points of high chemical potential (concentration) to points of low chemical potential (concentration). When contaminant migration is associated with relatively high flows (as in many aquifers), there is a third transport mechanism to be considered, viz. mechanical dispersion. Mechanical dispersion involves mixing that occurs due to local variations in the flow velocity of the groundwater. The dispersion of contaminants also involves a mixing and spreading of the contaminants due to non-homogeneity in the aquifer. Although, this mechanism is totally different from the diffusion process, for most practical applications, it can be mathematically modeled in the same way, hence the two processes are often lumped together as composite parameter D h , called the coefficient of hydrodynamic dispersion expressed as D h =D e +D md , where D e is the effective molecular diffusion coefficient for the contaminant species of interest, D md is the coefficient of mechanical dispersion. When dealing with transport through intact clayey soil, diffusion will usually control the parameter D h and dispersion is negligible. In aquifers, the opposite tends to be true and dispersion tends to dominate. It is often convenient to model the dispersive process as linear function of velocity. Thus D md = v, where is dispersivity. The dispersivity tends to be scale dependant. Effective molecular diffusion coefficient in soil D e tends to be smaller than the molecular diffusion coefficient D m , because the diffusing substance must follow a tortuous path between two points through the porous medium rather than a straight one. Effective molecular diffusion coefficient is thus expressed as D e = D m . Millington and Quirk [12] present a theory suggesting a relationship between tortuosity of the medium and porosity n as = n 1/3 . Thus for a medium with porosity n=0.4, tortuosity tends to be equal to 0.74. Mathematically, advective-dispersive transport in one dimension can be expressed as:
Where n is effective porosity of soil, D h is the hydrodynamic dispersion coefficient, c/ z is the concentration gradient, v x is advective velocity, and c is the concentration of contaminant in source. The negative sign arises from the fact that the contaminant move from high to low concentrations. The total mass of contaminant transported out of landfill up to some specific time t, is obtained by integrating the above equation.
Governing equation for the transport of contaminant through porous media is expressed by the equation (2) which simply says that the increase in contaminant concentration within a small region is equal to the increase in mass due to advective-diffusive transport minus the decrease in mass due to sorption minus the decrease in mass due to first order decay processes.
Where n is the effective porosity of soil, C is the concentration at depth z and time t, D h =D e +D md is the coefficient of hydrodynamic dispersion, v is advective velocity, R f =1+ K d /n, is the retardation factor which is supposed to represent the lumped behavior of absorption and decay process. The term K d is obtained from batch absorption isotherms, and is mass density of soil.
BOUNDARY CONDITIONS
The governing equation (1) alone is not sufficient to describe a specific physical system. This is because a general solution of n th order differential equation will involve n independent arbitrary constants or functions. In order to define uniquely a given physical problem, the values of constants or forms of the functions must be specified. Initial and boundary conditions can be used to provide this required additional information. Generally, boundary conditions specify the value of dependent variable, or the value of the first derivative of the dependent variable, along the boundaries of the system being modeled.
Initial and boundary conditions provide the additional information required to obtain unique solution to governing partial differential equation. For steady-state problems, only boundary conditions are required, whereas for transient problems, both boundary and initial conditions must be specified. Mathematically, the boundary conditions include the geometry of the boundary and the values of the dependent variable or its derivative normal to the boundary. Boundary conditions are typically derived from physical and/or hydraulic boundaries of system.
In general three kinds of boundary conditions may be applied to the governing equation of contaminant transport. The first type of boundary condition, also called Dirichlet
condition, specifies the value of primary variable C (concentration of the contaminant) at a boundary such that
In the contaminant transport problem, a constant or time dependent concentration when taken as a boundary condition constitutes Dirichlet, or first type of boundary condition. A constant concentration of inflowing solution as a boundary condition is maintained in some experimental studies to determine the parameters. However a time dependent concentration is taken as a boundary condition in landfill modeling where the seasonal variation of concentration can be determined by analyzing the extracted pore water from the landfill. The method of measuring and analyzing the pore water at different depths was also suggested by Johnson et al. [13] .
The second type of boundary condition is referred to as Neumann or flux condition, and it specifies the flux (fluid flux) across an area. The term flux means the mass of contaminant per unit time passing through unit surface area. This condition is expressed as
In the contaminant transport equation, this boundary condition is used when there is an impermeable layer at the bottom of the domain. Similarly in most of the analytical models the boundary condition at the end of the infinite domain is also modeled by taking 0 C x = . The same condition prevails when the contaminant moves out of soil with moving soil water, however dispersion and diffusion do not contribute to this movement.
The third type of boundary condition called Cauchy condition, prescribes a linear combination of C and the flux at a boundary such that,
Where a 0 , b o , a L , and b L are the known coefficients. The amount of contaminants entering the soil depends upon the flux of the water into the soil. The concentration flux boundary condition also belongs to this category. Cauchy boundary condition is summation of two components of contaminant flux, one being constant, and other being function of time.
The selection of boundary condition is a critically important step for the conceptualizing and developing a model for a contaminant transport problem. Even if one of the boundary condition is inappropriate for a defined contaminant transport problem, it is most likely that the final expression will be erroneous or will produce ambiguous results.
FINITE MASS OF CONTAMINANT
The mass of contaminant within a landfill is limited and mass will be reduced as the contaminant is transported into soil. The concentration of contaminants in landfill leachate increases during the operation of landfill facility, reaches a peak, and then declines. The increase in concentration is related to physical processes of leaching of contaminants, chemical and biological processes which generate chemical species of interest from the synthesis, or breakdown of existing species. Likewise, the decrease in concentration with time may be related to physical process of removal of contaminants in the form of leachate from the landfill, chemical and biological processes which result in precipitation and/or synthesis or breakdown of the chemical species of interest into other chemical forms. In the design of barrier systems it is generally not practical to model the details of leaching processes and reasonable engineering approximations can be made to model the impact of finite mass of contaminant. Thus for the purposes of performing design calculations, it is often conservative to assume, that the concentration of contaminant of interest reaches a peak, c 0 , instantaneously, and all of the mass of contaminant species m tc is in solution at the time when peak concentration occurs. The mass of the contaminant available for transport into the soil can be represented in terms of the peak concentration, c 0 , and the reference height of leachate, H r , or the equivalent height of leachate H f . H r , may be defined for each contaminant species of interest and corresponds to the volume of fluid (per unit area of landfill) that, at a concentration c 0 , would contain the total mass m 0 , of that contaminant species which could be released either for transport or collection. The equivalent height of leachate H f , corresponds to that portion of mass that is available for transport into hydro geologic system. It does not include the mass of contaminant which exists or is expected to exist in solid/immobile form, or contaminant that is released in gas phase. Thus, the essential difference between H r and H f is that the H r includes the mass collected by the leachate collection system, whereas H f excludes this mass. If the portion of the mass of contaminant collected by or removed by leachate collection system is ignored, variation in the concentration of contaminant in source at the top of barrier can be written as [14] ,
Where C T is the concentration of contaminant in source at any time t, C 0 is the initial concentration of contaminant in source, H f , is the equivalent height of leachate. Integration term on the right hand side of equation indicates cumulative mass of contaminant moved out from the source into soil. Substituting for mass flux f T (c, ) from equation (1), equation (6) can be written in numerical form as
Where the term (0,t) stands for c/ z at the top of barrier at any time t.
MATERIALS AND METHODS
Governing one dimensional mass transport equation based on advection dispersion processes represented by equation (2) was solved using Matlab 7.0 and finite difference approach with upwind correction. Thus equation (2) in finite difference form with upwind correction can be written as [10] (8) The method is implemented by marching the solution forward at the interior nodes, bringing with it the effects of the initial condition and the boundary nodes. For the implementation of the above solution in MatLab, the domain of problem is discritized in suitable number of nodes for time and space, in such a way that Implementation of the solution using finite difference method is illustrated in Fig. (1) .
MODEL VALIDATION FOR DOC TRANSPORT
Model developed herein was tested for the field data of transport of DOC. Field data of Munro et al. [15] for a landfill at New Brunswick was used to validate the numerical model. The field profiles of DOC in bore hole number L1B was compared with simulation results of the model solution. In their investigation, the hydraulic gradients in the till underlying the landfill waste was determined by them using data from monitoring wells, and from comparison of the values obtained for horizontal and vertical hydraulic gradients. It was concluded by them, that the movement of contaminant was predominantly vertical. For calibrating field data they adopted a process based approach for estimating the temporal concentrations of DOC at the waste till interface. This concentration in turn was adopted as the source concentration (input) in their mathematical model. DOC concentration at the influent boundary condition was thus not constant but varying with respect to the duration of monitoring (6.75 years). The variation of DOC concentration at influent boundary condition is shown as histogram of DOC concentration in Fig. (2) . Due to the possible uncertainties in the DOC source function, comparison of the field data and numerical results was considered to be good if the model simulation adequately fit the steeply declining concentrations in the top one meter of the profile. For greater depths (more than 1m below the landfill), their model results did not agree with the observed data. The field parameters obtained by Munro et al. are shown in Table 1 , and the simulated and observed field concentration of DOC is shown in Table 2 . Fig. (1) . Schematic of solution using finite difference method and MatLab. 
DESIGN CHARTS FOR BARRIER THICKNESS
In the design of a landfill system, it is quite common to design a landfill site for a maximum period of 50 years in which the first 10-15 years are for waste receiving and the remaining for post-closure [16] [17] . Thus, it is logical and reasonable to set the required time of travel, t, of a contaminant through a liner equal to the design life of a landfill (50
years). For a landfill liner with a given set of liner properties e.g., hydraulic conductivity, porosity and transport parameters e.g., diffusion coefficient and retardation factor as determined by laboratory column and batch sorption tests, a design chart can be plotted which will show the change in relative concentration of solute with respect to depth at a certain period of time. Such chart can be utilized for the determination of liner thickness if the maximum permissible relative concentration after a certain period of time is defined based on pollution prevention criteria in a region. DOC transport from landfills was studied for a period of 50 years for the range of parameters as listed in Table 3A and Table  3B . The range of Darcy velocity for Municipal Landfill has been found to be in the range of 0.0003 m/yr to 0.03 m/yr for compacted liners, and 0.03 m/yr to 0.1 m/yr for aquitards [18] [19] [20] . Also, at low velocities for most of the contaminants found in municipal landfills (Rowe et al.) , the computed retardation factor assumes a value ranging from 1 to 100. The simulation was run for finite mass of the contaminant as the upper boundary, where the initial concentration of contaminant in leachate was taken as 1000 mg/L and the porosity of barrier/aquitard was assumed as 0.4, with equivalent height of leachate taken as 10m. The model gives the spatial and temporal variation of DOC concentration along the thickness of the barrier and the maximum concentration recorded in each depth for the entire domain (50 Years). The simulation was run for time domain of 50 years, and the time step was determined after satisfying the stability criteria of solution. The time step was thus in the range of 0.04 year to 0.25 year for the element sizes ranging from 0.06m to 0.08m. The initial concentration (background) was assumed to be zero for a fully flushed boundary. The non conservative contaminant front in all the cases could not reach the bottom boundary for the cases of both, small and large Darcy velocities. The maximum concentration attained at various depths for a number of leachate heights was determined next.
RESULTS AND DISCUSSIONS
From the results plotted graphically (Figs. 3-7) , one can determine the minimum design thickness of barrier knowing the permissible concentration of that particular contaminant. If the percentage of contaminant species of interest present in waste is known through chemical analysis or through typical landfill data charts, and the total design weight in metric tons is available, then the total mass of the contaminant present in waste can be computed. Knowing the quantity of waste that infiltrates through the bottom of the waste into the barrier, and aerial extent of landfill, the equivalent leachate height of the landfill can be determined. Minimum thickness of liner can be determined with the known value of maximum permissible concentration of contaminant species of interest as per regulatory criteria. The permissible value when divided by the typical maximum concentration of that contaminant in the landfill leachate gives the design maximum relative concentration. Equivalent height of leachate can be determined by dividing the total mass of contaminant present in waste by typical maximum concentration of that contaminant in landfill leachate. Appropriate minimum thickness of barrier for a known value of equivalent height of leachate, and design maximum relative concentration can be determined from these figures. Retardation coefficient value R, has to be computed on the basis of batch absorption tests, if the bottom barrier provided is expected to have enhanced absorption capacity for organic contaminants. For the case, when compacted clays are to be used for providing a bottom barrier, the value of retardation coefficient R, may be taken as 1. On comparing Figs. (3-7) , one observes that there is hardly any variation in the respective design charts for the velocities 0.0003 m/yr and 0.003 m/yr respectively. This implies that the advection is not the primary transport mechanisms at such low velocities and that the contaminant transport takes place on account of diffusion only. As the Darcy velocity increases tenfold, the minimum barrier thickness required also increases. In case where there is no leachate collection system, the value of equivalent leachate height is large. From the results plotted one can see that maximum depth travelled to reach a maximum relative concentration of zero, at R value of 3, increases from about 3m for Darcy velocity of 0.03 cm/yr to 8m for Darcy velocity of 10 cm/yr. For R value of 100, the maximum depth required to reach maximum relative concentration of zero at highest Darcy velocity considered does not exceed about 1m.
CONCLUSIONS
Mass transport of organic contaminants from landfill leachate was modeled taking into account the mechanisms of contaminant transport viz. advection and dispersion, and using the finite difference method with upwind correction. The model was solved in MatLab 7.0 and validated with field data of contaminant transport (Munro et al. 1997) . Simulation of validated model were run for a range of parameters commonly observed in municipal solid waste disposal sites for a duration of 50 years. Design charts were drawn from the results of such simulation giving maximum relative concentration with depth at the end of simulation period over the domain of interest. Transport of contaminants was subjected to finite mass of contaminant boundary condition to ape the field conditions of Landfill. Design charts prepared can be used for determining the minimum thickness of barriers required at the bottom of landfill so as to meet the regulatory requirements of organic contaminant containment effectively. 
